It is well documented that the K-RAS oncogene efficiently transforms non-malignant cells, and there is some evidence for the role of mitochondria in this process. Now Peng Huang and colleagues show that K-Ras induction results early on in mitochondria assuming the phenotype consistent with the so-called Warburg effect, i.e., increased glycolysis and attenuated oxidative phosphorylation. Thus the K-Ras protein capable of swift induction of phenotypic changes typical of cancer cells, yet these changes are reversible, and for cells to irreversibly reach their full malignant potential a much longer K-Ras expression is required, implicating mitochondria in the longer-term effects of the oncogene.
Malignant transformation has the dubious status of being the pivotal event during cancer development [1] . With cancer posing a continuous threat to the mankind and advancing even in the "non-traditional areas" [2] , it is imperative that the process of malignant transformation is understood and eventually harnessed, however unlikely that may seem in the near future. It has been almost 30 years since the Ras family of oncogenes was discovered and described [3] [4] [5] , yet the precise molecular mechanism(s) of the events triggered by the product of these oncogenes have not been clearly elucidated. So far, the best understood aspect of oncogenic K-Ras transformation is the upregulation of the MAP kinase signaling pathway to promote uncontrolled proliferation of cancer cells [1, 6] .
Recently, another aspect of the Ras protein family in malignant transformation started to emerge. Several papers provided a strong link between Ras, mitochondria and the Bcl-2 family proteins. The mitochondrial connection is particularly exciting, since these DNAcontaining organelles are the powerhouse of the cells as well as the central purveyors of apoptotic cell death, and major sites of reactive oxygen species (ROS) generation [7, 8] . This is of importance given that mitochondria and mitochondrial formation of ROS are instrumental for malignant transformation mediated by increased expression of the oncogenic K-Ras [9] . In addition, as observed by Otto Warburg almost a century ago, malignant cells often alter their metabolic profile towards increased glycolysis and glucose consumption, a paradigm known as "Warburg effect" [10] . This has been disregarded for many years with oncogenes being at the forefront of the cancer-related research, but recently a clear connection started to emerge between oncogenic transformation and the metabolic shift described by Warburg. Conversely and reenforcing the inter-relationship between cell transformation and a variation in metabolism, glucose deprivation promotes K-Ras-dependent malignant transformation [11] . The involvement of mitochondria in the transformation and metabolic re-programming lies at hand, and this makes their connection with the RAS oncogenes particularly interesting, as recently highlighted [8] .
Huang and colleagues have made a great effort to further our understanding of the nitty-gritty of the events that lie at the heart of the mitochondria-oncogene connection, and this is the main thrust in their excellent publication in this issue of Cell Research [12] . The novelty of their approach lies in the ability to turn on the overexpression of the oncogenic K-RAS variant K-RAS G12V in HEK293 cells as required, using a doxycyclin (DOX)-controlled inducible expression system, allowing the temporal observation of the events of RAS-promoted transformation (previous studies used stable overexpression of RAS). These model cells, referred to by a somewhat mystical term T-Rex/K-Ras cells, were then tested in a variety of conditions to better understand the relatively shortterm changes following switching on of the K-RAS oncogene.
The major effect of the K-Ras oncoprotein was the rapid alteration of the mitochondrial function. Addition of DOX caused the expression of the K-RAS G12V protein in less than 12 h with its maximum level at 24 h. Quite surprisingly, as soon as the K-Ras protein Correspondence: Jiri Neuzil Tel: +61-2-55529109; Fax: +61-2-555-28444 E-mail: j.neuzil@griffith.edu.au was discernible (by western blotting), rather prominent, mitochondria-related alterations were detected. These include the dissipation of the mitochondria inner transmembrane potential by ~50% as well as ~50% reduction in the oxygen consumption and 50% increase in the generation of ROS, with elevated spontaneous apoptosis ensuing 2-3 days later. Intriguingly, too, K-Ras induction caused a considerable change in the expression pattern of some of the key mitochondrial complexes: downregulation of complex I and upregulation of complex II, and this was accompanied by downregulation of superoxide dismutase-2 (SOD2) and catalase, two important antioxidant enzymes, often expressed at low levels in malignant cells (indicating the onset of a phenotypical change: cancer cells require sustained increase in ROS to promote their mitogenic pathways). Importantly, removal of DOX from the media reverted the cells to their pre-induction state, documenting a neat plasticity of the events. In line with Warburg's aerobic glycolysis hypothesis, K-Ras expression made the cells utilize more glycolysis for energy generation. Lastly, the finding that inoculation of nude mice with T-Rex/K-Ras cells pre-incubated with DOX gave much more efficient rise to tumors than when the mice were inoculated with cells devoid of preincubation with the inducer endows the study with a very nice translational spin. The cells had to be pre-incubated with DOX for extended periods of time (> 1 month), indicating that additional changes, following the almost instant alteration in the mitochondrial function, were needed to make them truly malignant (see timeline in Figure 1 ).
This very nice investigative work sheds considerably more light on the molecular events arising from expression of oncogenes, epitomised here by K-RAS G12V . It also highlights the multifaceted nature of the Warburg effect. Not only may the glycolysis be enhanced by direct regulatory action of oncogenes and transcription factors such as HIF1α or Myc, or by damaged respiration compromised by mitochondrial DNA mutations, but the RAS oncogene expression may also result in immediate respiration defects and ensuing upregulation of glycolysis. However, the causal link between the K-Ras protein and these respiration alterations is still unclear (it is anticipated that the authors are already conducting the relevant experiments). The respiration changes and related mitochondrial alterations ought to occur as a direct response to the increased level of the oncoprotein, since the cells do not have the time to re-arrange their expression of critical genes. This notion is corroborated by the finding that the K-Ras protein localized, in line with some previous reports, to mitochondria, supporting the important role for mitochondria in the transformation process [13] . Interestingly, mitochondrial localization has also been previously detected for other relevant proteins, such as the transcription factor STAT3 [13] . On the practical side, even though the precise molecular mechanisms that underlie the Rasinduced changes in the expression pattern of complex I and II are unknown, this observation may provide guidance in the search for an optimal molecular target for mitochondria-directed anticancer drugs [14, 15] . In conclusion, we believe that this beautiful piece of work will stimulate others (the authors of this Research Highlight are most definitely encouraged in their research efforts) in the unrelenting quest to better understand the all important mitochondria-linked changes associated with malignant transformation in the hunt for the "magic bullet", i.e., an efficient and selective anti-cancer drug. 
